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1 Introduction
The properties of the narrow resonance that has been discovered at the LHC is fit well by
the Standard Model’s (SM’s) Higgs particle hypothesis. With the measured mass as input,
the production rate and decay branching fractions are precisely predicted in the SM and
compare well with the experiments.
In this note we ask a simple question: is it theoretically possible to have additional
Higgs-like particles? We are interested in additional scalars that may have a mass different
from 126 GeV but with similar production cross section and similar decay width into γγ
and WW final states. Alternatively one can ask, if such a particle (or particles) exist, what
are the constraints on their properties? Are there model independent constraints?
The question may be more than academic. CMS has made public a note [1] that
points to a hint of a resonance at about 136 GeV observed in the γγ channel, which is
produced both by gluon fusion (ggF) and vector boson fusion (VBF), with signal strength
close to unity for both. Below we refer to the additional resonance as the h′.1 Moreover,
ATLAS and CMS claim to rule out heavier Higgs bosons through searches in the WW and
ZZ channels [3–9]. Naively combining these searches rules a neutral Higgs particle with
mass in the range 128 GeV to 1000 GeV and SM interaction strength; see appendix B. It is
important to understand the generality of the assumptions for this limit, which we discuss
in what follows.
Consider in some more detail the reported excess in the diphoton channel, seen in
both ggF and VBF production modes. Following the procedure outlined in ref. [10, 11] we
extract the production cross-section times branching ratio from the CMS exclusion limit:
σggF ×BR(h′ → γγ) = 0.036± 0.013 pb,
σV BF+V h′ ×BR(h′ → γγ) = 0.007± 0.003 pb.
(1.1)
Dividing these cross sections by the SM prediction for a Higgs boson with mh′ = 136.5 GeV
yields signal strengths, µ ≡ (σ×Br)/(σSM×BrSM ), of µggF = 1.1±0.4 and µV BF = 1.6±0.7
respectively. Let’s characterize the coupling of h′ to vector bosons and fermions by
Lh′ ⊃ 2m
2
W
vEW
ah′W
µWµh
′ +
m2Z
vEW
ah′Z
µZµh
′ −
∑
i
mfi
vEW
c′fi f¯ifih
′ (1.2)
where vEW = (
√
2GF )
−1/2 ≈ 246 GeV is the electroweak VEV. We assume (approximate)
custodial symmetry, hence the same couplings ah′ to W and Z. See section 3A for a
discussion of the constraints electroweak precision data puts on custodial-violating theories.
The parameters in eq. (1.2) can be estimated from these two measurements by per-
forming a χ2 fit to the data. Since there are more parameters than measurements, there
should be at least one set of parameters that exactly reproduces the measurements. We
1In addition, another CMS analysis [2] has a slight excess in the dielectron channel around 134 GeV.
The observed 95% confidence-level upper limit on the cross section times branching ratio is 0.048 pb at
134 GeV. Assuming the production rate to be the same as for the SM Higgs, this corresponds to an upper
limit on the branching ratio of Br(h′ → e−e+) = 0.0025. The background-only expected limit is 0.0015.
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Figure 1. Model independent analysis of the h′ couplings. The green and yellow regions are
compatible with the CMS hint of a 136 GeV Higgs resonance at 68% and 95% CL, respectively.
assume that h′ can only decay to SM particles, and that
∣∣∣c′f 6=t∣∣∣ ≤ 3. The couplings we
are most interested in are ah′ and c
′
t, so we project the allowed parameter space onto the
ah′ − c′t plane. Note that we are not performing a goodness-of-fit test, but are simply try-
ing to estimate parameters. The result is shown in figure 1. The green and yellow regions
correspond to χ2 ≤ 2.30 and 6.18, hence are compatible with the CMS measurements at
the 68% and 95% confidence levels (CL), respectively.
Alternatively, it is instructive to see what happens when an ansatz is made for the other
parameters in the model. In figure 2(a), the couplings of h′ to fermions other than the top-
quark are fixed to a common value. The dotted, solid, and dashed contours correspond to
c′f 6=t = {0, 1, 2} respectively, while in figure 2(b), the signal strength modifier for fermions is
assumed to be universal. The latter is an interesting case because there is a class of models,
which we discuss in depth below, where there is a single common c′f for all fermions.
We see that CMS measurements prefer sizable coupling of h′ to both the top and the
vector-bosons. The question we posed above can be stated more specifically: how much of
the allowed region in figure 1 is compatible with the established properties of the 126 GeV
Higgs resonance? We hasten to indicate that we address this question in generality, not
just as it may pertain to a putative state at 136 GeV (but we do use the 136 GeV CMS
data as an instructive example).
What precisely do we mean by “Higgs-like” particles? What makes a Higgs-like par-
ticle, or Higgs for short, special is its tri-linear coupling to electroweak vector bosons, say
hW+W− or hZZ. Indeed, in a gauge theory all fields, ψ, except the Higgs,2 have couplings
to gauge bosons, A, with the field appearing quadratically, ψ2A or ψ2A2. Hence a unique
characteristic of Higgs particles is that they can be produced in s-channel vector boson fu-
2And other electroweak vector bosons, of course.
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Figure 2. The preferred values of (ah′ , c
′
t) for interpreting the bump in the CMS data as a second
Higgs boson. The regions of parameter space that are allowed at 68% and 95% CL are shown
in green and yellow, respectively. In figure 2(a), the couplings of h′ to fermions other than the
top-quark are fixed to a common value. The dotted, solid, and dashed contours correspond to
c′f 6=t = {0, 1, 2} respectively. In figure 2(b), the signal strength modifier for fermions is assumed to
be universal.
sion, and can decay into pairs of vector bosons. This generalized definition of Higgs particle
includes, of course, singly and doubly charged particles in addition to the more familiar
neutral (CP-even) Higgs. In fact, considerations of perturbative unitarity will require that
we include singly and doubly charged Higgs in our analysis.
We will derive a number of sum rules that will restrict the couplings of the Higgs
particles. The sum rules are model independent, but derived only at tree level. For each
sum rule we derive we will show in explicit examples how they are saturated. We will see,
model independently, that not all the allowed region in figure 1 is compatible with the
established properties of the 126 GeV Higgs resonance. We will also see that the region in
figure 1 compatible with several specific models of the h′ is further restricted.
Sum rules for Higgs particles have been considered before. There is a vast literature on
2HDM models, recasting explicit results as sum rules, see e.g. [12–15] for an incomplete list.
Sum rules for the couplings of arbitrary number of Higgses in general representations of
the electroweak group were first derived by Gunion, Haber, and Wudka using perturbative
unitarity arguments in [16]. To make the presentation self-contained, we review below the
derivation of these sum rules. In addition, we present bounds on combinations of masses
and couplings of the Higgs particles, that to the best of our knowledge have not been
considered for general Higgs sectors before.3 These perturbative unitarity mass bounds
3While sum rules for couplings are satisfied automatically for a renormalizable theory with an arbitrary
Higgs sector, the sum rules bounding masses of Higgs particles carry extra non-trivial information implied
by perturbative unitarity.
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are the multi-Hiiggs generalization of the celebrated result by Lee, Quigg and Thacker [17]
that placed an upper bound on the higgs mass of ∼700 GeV. In ref. [18] a twice subtracted
dispersion relation for longitudinal WW scattering was obtained and applied to Higgsless
models. In ref. [19–21], a similar relation was given for a model with a single Higgs particle
with non-standard couplings. In particular, it was shown that the couplings of the light
Higgs to a W pair obeys the following simple dispersion relation
1− a2h =
v2
pi
∫ ∞
0
ds
s
(σ+−(s)− σ++(s)) , (1.3)
where σ+− denotes the cross section for a longitudinal W pair annihilation, WL+WL− →
anything, and similarly for σ++. Moreover, it was noticed in ref. [19, 20] that the last
relation implies that enhanced Higgs → WW couplings require doubly charged states
(that couple to vector bosons) be present in the theory.
We will generalize (1.3) to a multi-Higgs case below. This dispersion relation holds
under the assumption of unitarity of the full UV theory (supplemented by a more technical
assumption that the Froissart bound is sufficiently unsaturated). While (1.3) is true to all
orders in the loop expansion and for nonperturbative theories as well as perturbative ones,
in what follows we will be exclusively interested in the tree-level amplitudes in perturbative
theories with definite UV field content. Our tree-level sum rules will then guarantee that
the assumption of (perturbative) unitarity under which (1.3) holds is satisfied at order ~0.
We discuss how exactly our sum rules are consistent with (1.3) in detail in section 7 and
appendix C.
The paper is organized as follows. In section 2 we present a simple sum rule for multi-
Higgs doublet models that follows from the connection between the Higgs couplings and
the mechanism that gives the electroweak bosons their masses, and we generalize this to
models with Higgs fields in other representations of SU(2)L × U(1)Y in section 3. These
sum rules are model dependent, so in section 4 we turn to sum rules that follow from
perturbative unitarity. We examine the consequences of these sum rules on the allowed
region in figure 1 in section 5. We then study in some detail the phenomenology of some
specific models in section 6. Finally we study the relation between our sum rules and
other work, based on dispersion relations in section 7 and offer some concluding remarks
in section 8. To make the paper easily accessible, we list the physical Higgses couplings in
appendix A. We collect the Higgs data used in our analysis in appendix B. Appendix C is
devoted to detailed derivation of the dispersion relation.
2 Multi-Higgs doublet model
The CMS note points out that the h′ is incompatible with a two Higgs doublet model
(2HDM) hypothesis (see, e.g., [22–24] and references therein for a recent general analysis of
Type-II 2HDM and (N)MSSM Higgs sectors). The reason is this. Since both the 126 GeV
and 136 GeV states couple with similar strength to WW , we can immediately discount
the CP-odd neutral Higgs as one of these states. Assuming the light CP-even neutral
Higgs is the particle observed at 126 GeV, fits of Higgs data to the 2HDM assumption
– 5 –
J
H
E
P05(2014)083
give α + β ≈ ±pi/2, where α is the mixing angle between CP-even neutral Higgs mass
eigenstates and tanβ = v1/v2 is the ratio of the vacuum expectation values (VEV) of the
two doublets. The ratio of the coupling of the heavier Higgs to WW to that of the lighter
Higgs is cot(α+ β), so the fit gives a very suppressed h′ to W+W− coupling.
This observation is readily generalized to models with any number of Higgs doublets.
Consider a model with N Higgs doublets, Hi, all with Y =
1
2 , with VEV vi/
√
2 and CP
even neutral scalar h˜i. The kinetic energy terms of these doublets give the W -mass and
the couplings of the h˜i to W
+W−:
L = · · ·+ 14g2W+µ W−ν ηµν
N∑
i=1
(vi + h˜i)
2. (2.1)
This can be interpreted as follows. The vector 12g
2(v1, . . . , vN ) ≡ gMW ~˜a =
gMW (a˜1, . . . , a˜N ) characterizes the couplings of the fields
~˜
h = (h˜1, . . . , h˜N ) to W
+W−,
and the norm of the vector is fixed, |~˜a|2 = 1. The fields in ~˜h do not in general correspond
to mass eigenstates. An orthogonal rotation
~˜
h = R~h brings the mass matrix to diagonal
form. The mass eigenstates couple to WW with strength ~a = RT ~˜a. Since R is orthogonal
|~˜a|2 = 1 implies |~a|2 = 1. Without loss of generality we take h1 to correspond to the
126 GeV observed resonance. Then ∑
i>1
a2i = 1− a21 . (2.2)
That is, the CP-even neutral Higgs resonances other than h1 (the observed 126 GeV one)
can couple to WW only to the extent that the coupling of h1 to WW differs form that of
Higgs in the (one Higgs doublet) SM.
3 Generalizations
The results of the previous section can be generalized to the case of Higgs fields in any
non-trivial representation of SU(2). This may seem as only of academic interest since
electroweak precision data (EWPD) places stringent constraints on the VEV of non-doublet
representations. But there are exceptions, like the model of Georgi and Machacek [25] and
models with isospin-3 fields [26]. We carry out the analysis in general, and return below
to considerations of EWPD.
In the case of arbitrary representations, eq. (2.1) is replaced by
L = · · ·+ 14g2W+µ W−ν ηµν
N∑
i=1
Ci(vi + h˜i)
2, (3.1)
where we assume h˜i is the CP-even neutral scalar from the (2ni + 1)-dimensional represen-
tation, with the third component of isospin given by mi, so that
Ci = C(ni,mi) = 2[ni(ni + 1)−m2i ]. (3.2)
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The couplings of h˜i are now characterized by ~˜a =
g
2MW
(C1v1, . . . , CNvN ) and those of mass
eigenstates by ~a = RT ~˜a, with RTR = 1. The constraint
N∑
i=1
a˜2i
Ci
= 1, (3.3)
is an ellipse in ~˜a space. Rotating to ~a space, this remains an ellipse. Now suppose one of
the couplings in ~a has been measured. Without loss of generality we take this to be the
first component, a1. For a1 sufficiently close to 1, the least constraining case is when the
rotation R makes a1 line up with the semi-major axis. Consider, for example, the N = 2
case with C1 = 1 and C2 > 1. Then we must have
a22 = 1−
a21
C2
. (3.4)
More generally, the constraint on the coupling of the mass eigenstates to WW takes
the form
aTRTC−1Ra = 1, (3.5)
where C is the diagonal matrix of the Ci and we have used vector notation (with a = ~a).
This in principle alleviates constraints on the magnitude of couplings of extra neutral Higgs
bosons to W and Z.
While the rotation to the mass eigenstate may greatly relax the constraint on the
coupling of the second Higgs, the coupling of the first Higgs resonance to fermions is
correspondingly reduced. Only isospin-12 states can couple directly to fermions. If only H1
is in the doublet representation then the coupling to fermions is through
Lf = H˜1q¯LλUuR +H1q¯LλDdR +H1 ¯`LλEeR, (3.6)
where H˜1 = iσ
2H∗1 and λU,D,E are the matrices of Yukawa couplings. Expanding this
about the vacuum and retaining only the couplings of the neutral Higgs mass eigenstates
one obtains
Lf = 1
v1
R1ihi
(
u¯mUu+ d¯mDd+ e¯mEe
)
, (3.7)
where mU,D,E are the mass matrices. Orthogonality of R implies
∑
i>1R
2
1i = 1 − R211,
limiting the extent to which the remaining Higgs resonances couple to fermions. Returning
to the simple example above, in the extreme case that the doublet field C1 = 1 is maximally
rotated with a non-doublet, C2 > 1 as given by eq. (3.4), one has R11 = 0 and R12 = 1
and only one resonance couples to fermions.
3.1 Electroweak constraints
Precision measurements of electroweak parameters place stringent constraints on the pos-
sibility of VEV for Higgs multiplets other than the doublet and the septet (isospin-3). The
deviation of the ρ parameter from unity (or, equivalently, the T -parameter) constraints the
VEV of the multiplets at tree level:
δρ =
M2W −M23
M23
, (3.8)
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where MW is the W
± mass and M3 = MZ cos θW that of the neutral component of the
SU(2) vector boson multiplet. At tree level, in the case of N multiplets Hi, i = 1, . . . , N ,
with Hi in the (2ni + 1)-dimensional representation of SU(2) with VEV vi/
√
2 in the
T3 = mi component (and hypercharge
4 of Y (Hi) = −mi), we obtain
δρ =
∑
i v
2
i [ni(ni + 1)− 3m2i ]∑
i 2v
2
im
2
i
, (3.9)
Note that for gni ≤ 4pi, a loose requirement for perturbation theory to hold, ni(ni+1)−3m2i
vanishes for ni = |mi| = 12 or ni = 3, |mi| = 2 only (additional solutions are found for
larger isospin, e.g., ni = 48, |mi| = 28 or ni = 3612 , |mi| = 2092 ).
Quantum corrections due to additional Higgs bosons can be conveniently studied in
terms of the oblique parameters, in particular the well-known S and T . We do not attempt
to study these corrections for arbitrary Higgs representation. The results largely depend
on the exact form of the Higgs potential, that we leave unspecified in this work. We
refer the readers to the literature for relevant studies. In the case of multi-Higgs doublets,
these corrections are well known [27]; see [28] for a recent discussion. For the GM model,
constraints from EWPD have been analyzed in [29].
In the context of the doublet-septet model, the S and T parameters have only been
studied in the special case where the charged Higgs spectrum is taken to be degenerate
with the exception of one singly charged Higgs [30].
4 Perturbative unitarity
Perturbative unitarity of the SM has been famously used to place a bound of about 700 GeV
on the Higgs mass. Lee, Quigg and Thacker (LQT) [17] observed that the tree level partial
wave amplitudes for longitudinally polarized W+W− scattering grow with the Higgs mass,
so that at large enough mass the amplitudes exceed the unitarity bound. They also pointed
out that in the absence of the Higgs particle the J = 0, 1 partial wave amplitudes grow
with the square of the center of mass energy s, but the exchange of the Higgs particle in
the s- and t-channels cancels the linear growth with s of these amplitudes.
4.1 Sum rule for W+L W
−
L →W+L W−L
Applying the LQT argument to the multi-Higgs doublet extension of the SM gives an
alternate derivation of the sum rule (2.2). It is the statement that the couplings that appear
in the s- and t-channel neutral Higgs exchange must add up to those of the SM contribution
in order to cancel the linear growth with s of the J = 0, 1 partial wave amplitudes.
This suggests a more general approach to the sum rule for any number of N neutral
resonances hi that couple to W
+W− with strength ai, namely
N∑
i=1
a2i
?
= 1. (4.1)
The constraint (4.1) is stronger than the one in (3.3), which must hold in order to obtain
the correct W mass in a multi-Higgs model with at least one Higgs multiplet of isospin 1
4We use the convention Q = T 3 + Y for the electric charge throughout this work.
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+
L W
+
L W
+
LW
+
L W
+
L
W+L W
+
L W
+
L W
+
L W
+
L
W+L
W−L
W−LW−L
W−L W
−
LW
−
L W
−
L W−LW−L
W−LW
−
LW
−
L
W 3
W 3
hi
hi φ2
(a) (b) (c)
(d) (e) (f)
Figure 3. W+W− scattering in the presence of a generic Higgs sector. Diagrams a-c refer to the
scattering in the Higgsless standard model, with W 3 collectively denoting the exchange of the Z
boson and the photon. The growth with the center of mass energy of these contributions can be
cancelled by neutral (d, e) or doubly charged (f) Higgses.
or higher. And it is incorrect. In general there are additional contributions to the W+W−
scattering amplitude from u-channel exchange of a doubly charged component of the mul-
tiplet to which hi belongs.
To see that this is the case we compute the amplitude for longitudinal W+W− scatter-
ing including contributions from a neutral Higgs with arbitrary coupling gMWa to W
+W−
and of a doubly charged complex scalar with arbitrary coupling gMW b to W
+W+ (plus
hermitian conjugate). Only the J = 0 and 1 partial wave amplitudes exhibit linear growth
with s, and the coefficient of the term exhibiting linear growth is common to both ampli-
tudes and proportional to
κ1 = 4− 3(M3/MW )2 − a2 + 4b2. (4.2)
Here, the first two terms come from the pure gauge sector, figure 3a-c. The second term
arises when the exchanged neutral gauge boson is massive, figure 3b and 3c. The third
term is the contribution of the neutral Higgs exchange in both s- and t-channels, figure 3d
and 3e. The last term comes from the u-channel exchange of a doubly charged scalar,
figure 3f. In eq. (4.2) the terms a2 and b2 should be replaced by a sum over squares
of couplings,
∑
a2i and
∑
r b
2
r , when more than one neutral or doubly charged states are
present. The correct version of the sum rule in eq. (4.1) reads∑
i
a2i − 4
∑
r
b2r = 4− 3(M3/MW )2 . (4.3)
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Following LQT we can also obtain an upper limit on a combination of the masses M0i
and M++r of the neutral and doubly charged Higgses. We quickly review the LQT compu-
tation. They consider (in the SM) first the limit Mh  MW ∼ MZ of the J = 0 partial
wave scattering amplitude for W+LW
−
L →W+LW−L , followed by the large CM energy limit.
They find the following expression for (the finite piece of) the s-wave scattering amplitude
a0(W
+
LW
−
L →W+LW−L ) −−−−−−−−→
sM2hM2W
−GFM
2
h
4pi
√
2
, (4.4)
from which the condition
∣∣a0(W+LW−L →W+LW−L )∣∣ ≤ 1 gives M2h ≤ 4pi√2/GF . LQT derive
a slightly better bound by performing a coupled channel analysis including also ZZ, Zh
and hh scattering.
Below we use a slightly more constraining condition that follows from unitarity,∣∣Re[a0(W+LW−L → W+LW−L )]∣∣ ≤ 1/2. The same procedure gives, for the more general
case considered here,∑
i
(aiM
0
i )
2 + 2
∑
r
(brM
++
r )
2 ≤ 2pi
√
2
GF
≈ 0.5 TeV2 . (4.5)
To obtain this bound the limit of small MW,Z is taken first at constant Higgs masses, and
only then the large s limit is taken. The contribution of the a1 ≈ 1, M01 ≈ 126 GeV Higgs
to the bound is negligible (which is consistent with the approximation of neglecting the
similarly small masses MW and MZ).
4.1.1 Examples
For explicit examples, we first consider the simpler case of an SU(2) gauge theory with a
single Higgs field Φ with isospin (2n+ 1). We assume the VEV of the field, v/
√
2, is in the
T 3 = m component of the multiplet with hypercharge Y = −m. Let
Φ− 〈Φ〉 =
∑
k
φk|k〉, (4.6)
where |k〉 is a normalized 2n + 1 dimensional vector in isospin space, with T 3|k〉 = k|k〉.
Then the lagrangian contains a term
L ⊃ g
2v√
2
ηµν
[
A
(
W+µ W
+
ν φm−2 +W
−
µ W
−
ν φ
∗
m−2
)
+B
(
W+µ W
+
ν φ
∗
m+2 +W
−
µ W
−
ν φm+2
)]
,
(4.7)
where5
A = A(n,m) = 〈m|T+T+|m− 2〉 = 〈m− 2|T−T−|m〉
=
1
2
√
[n(n+ 1)− (m− 2)(m− 1)] [n(n+ 1)−m(m− 1)] ,
B = B(n,m) = A(n,m+ 2) = 〈m+ 2|T+T+|m〉 = 〈m|T−T−|m+ 2〉
=
1
2
√
[n(n+ 1)−m(m+ 1)] [n(n+ 1)− (m+ 1)(m+ 2)] .
(4.8)
5Our normalization conventions are [T a, T b] = iabc with 123 = 1, and [T+, T−] = T 3.
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Note that A = 0 for m = −n and m = −n + 1, and B = 0 for m = n and m = n − 1, so
these coefficients automatically account for the absence of charged states with disallowed
isospin components, i.e., m = n + 2, n + 1, −n − 1 or −n − 2. Of course, A = B = 0 in
the case |m| = n = 12 . Using M2W = 14g2v2C where C = 2[n(n+ 1)−m2] as per eq. (3.2),
M23 = g
2v2m2, a =
√
C from eq. (3.1) and
∑
i b
2
i = 2(A
2 + B2)/C, one finds κ1 = 0 in
eq. (4.2). Note that for all cases other than n = 12 (the SM) and n = 1 with Y = 0 (the
prototypical triplet Higgs model), the contribution of the doubly charged Higgs particle
is crucial to insure perturbative unitarity at high energies. The generality of this result
is remarkable. Note for example, that for integer n with Y = 0 the pattern of symmetry
breaking is SU(2)→ U(1) so that W 3 remains exactly massless. In this case the vanishing
of κ1 results from the cancellation of the first, third and fourth terms in eq. (4.2). The
second term is absent because W 3 is massless.
The bound on the masses in (4.5), assuming for simplicity that the two doubly charged
states are mass-degenerate with masses M++, gives
C(M0)2 + 4
A2 +B2
C
(M++)2 ≤ 2pi
√
2/GF ≈ 0.5 TeV2.
For a concrete and pertinent example, take n = 3,m = 2; then 16(M0)2 + 152 (M
++)2 ≤
0.5 TeV2. This is very constraining: it gives M0 ≤ 177 GeV, M++ ≤ 259 GeV, and if the
masses are comparable, M0 ≈M++ ≤ 146 GeV.
One can readily generalize above discussion to the realistic case with gauge group
SU(2)L ×U(1)Y . Electric charge conservation requires the VEV in the electrically neutral
component, Q = T 3 + Y = 0, fixing the hypercharge of the Higgs multiplet, Yφ = −m.
This implies that the Z-boson, Z = cos θWW
3 − sin θWB, has mass given by
MZ =
√
g2 + g′2 mv =
g
cos θW
mv . (4.9)
Here, g and g′ are the gauge couplings for SU(2)L and U(1)Y respectively, while the elec-
troweak angle is defined in the standard way, cos θW = g/
√
g2 + g′2. The sum rule obtained
by setting κ1 in (4.2) to zero is automatic, provided one substitutes
M23 → g2m2v2 = M2Z cos2 θW . (4.10)
The latter substitution can be understood by noting that the only differences in the
computation for longitudinal W scattering through Z exchange in a theory with U(1)Y
come from different couplings and intermediate vector masses. One can show by a straight-
forward computation, that while the part of WL scattering amplitude that grows as s
2
cancels identically in the gauge sector, the linear piece is given as follows
Mlin = −g2s
[
3 cos θ − 1
2M2W
+ cos2 θW
(
cos θM2Z
4M2W
+
M2Z (3 + cos θ)− 16M2W cos θ
8M4W
)
− sin2 θW 2 cos θ
M2W
]
= g2s (1 + cos θ)
4M2W − 3M2Z cos2 θW
8M4W
. (4.11)
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The first term in the first line corresponds to the contact interaction, the second and third
terms, with coefficient cos2 θW are the s-and t-channel Z exchange, respectively, and the
fourth term, proportional to sin2 θW , is from photon exchange.
Adding the contributions of the neutral and doubly charged Higgs bosons leads to the
following sum rule in a SU(2)L ×U(1)Y - invariant theory with a generic Higgs sector
4− 3M
2
Z cos
2 θW
M2W
− a2 + 4b2 =
(
4− 3
1 + δρ
)
− a2 + 4b2 = 0 , (4.12)
where δρ ≡ M2W
M2Z cos
2 θW
− 1, is given by the right hand side of (3.9).
4.2 Sum rule from ZLZL →W+L W−L
We have shown above that a charged scalar u-channel exchange in a theory with a generic
Higgs sector affects in a non trivial way the sum rules that the neutral Higgs boson couplings
to the vector mesons should satisfy. Here we also derive yet another non-trivial sum rule
by demanding perturbative unitarity in the ZLZL → W+LW−L channel. Again we start
by considering generic Higgs couplings. We denote the coupling of the neutral Higgs to
W+W− and ZZ by gMWa and gMWd/2 respectively, and the coupling of a singly charged
Higgs to ZW+ and its hermitian conjugate by gMW f (we assume f is real). Note that,
in the spirit of a model independent analysis, we have kept the couplings of the neutral
Higgs to WW and ZZ independent, although one may expect d = a/ cos2 θW by custodial
symmetry. Unlike in the W+LW
−
L → W+LW−L scattering case, only the J = 0 partial wave
amplitudes exhibit the linear growth in s proportional to
κ2 = cos
2 θWM
4
Z/M
4
W + f
2 − ad . (4.13)
The first term arises from the four-point gauge interactions, as well as from the t- and
u- channel W± exchange, while the second and third terms are contributed by the singly
charged and neutral Higgs bosons in the (t-, u-) and s- channels, respectively. The above
sum rule must be treated with care. The reason for this is that one combination of the
singly charged Higgs bosons is eaten by the W±. It is then necessary to eliminate the fake
contribution of the goldstone combination to the ZZ → WW scattering; see below for
an explicit example. In a generic case of arbitrary number of neutral and singly charged
scalars, we obtain the following sum rule
cos2 θWM
4
Z/M
4
W +
∑
r
f2r −
∑
i
aidi = 0, (4.14)
where only the physical states are understood to contribute to the sum rule. If one insists
on di = ai/ cos
2 θW , as one may expect by custodial symmetry, then this is
∑
i a
2
i −
cos2 θW
∑
r f
2
r = (cos θWMZ/MW )
4. One may combine this result with the sum rule in
eq. (4.3), and use δρ 1 to obtain a connection between singly and doubly charged Higgs
resonances, cos2 θW
∑
r f
2
r = 4
∑
r b
2
r . An immediate consequence is that in multi-higgs
doublet models the couplings of charged higgs particles to WZ vanish.
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The subleading, s-independent piece leads to the constraints on the charged and neutral
Higgs masses from perturbative unitarity; again, we can obtain LQT-like mass bounds from
the requirement that the J = 0 partial wave respect unitarity, |Re(a0)| < 1/2:∑
i
aidi(M
0
i )
2 + 2
∑
r
f2r (M
+
r )
2 <
4pi
√
2
cos2 θWGF
≈ 1.3 TeV2. (4.15)
4.2.1 Example: a single electroweak multiplet
We illustrate these results with a model consisting of a single Higgs field belonging to an
arbitrary representation of the SU(2)L×U(1)Y gauge group. Consider a multiplet φ having
isospin 2n+1 and vacuum expectation value 〈φm〉 = v/
√
2 on the component with T 3 = m
(hence Y = −m). For general n, there are two singly charged Higgses, φ∗m+1 and φm−1.
Expanding out the kinetic term, one finds their couplings to the gauge bosons
L ⊃ 1
2
ηµν
[
g2W+µ W
−
ν
(
n(n+ 1)−m2)+ (g2 + g′2)ZµZνm2] (v + φm)2
+
v cos θW√
2
[
ZµW+µ
(
Dφm−1 + Eφ∗m+1
)
+ h.c.
]
,
(4.16)
where g′ is the hypercharge gauge coupling and
D = D(n,m) = F
[
2(g2 + g′2)m− g2] ,
E = E(n,m) = G
[
2(g2 + g′2)m+ g2
]
.
Here we have defined
F = F (n,m) =
√
1
2
(
n(n+ 1)−m(m− 1)) ,
G = G(n,m) = F (n,m+ 1) =
√
1
2
(
n(n+ 1)−m(m+ 1)) .
One linear combination, χ−, of φm−1 and φ∗m+1 is eaten up by W+ while the orthogonal
combination is the physical charged Higgs, φ−P :
χ− =
Fφm−1 −Gφ∗m+1√
F 2 +G2
, φ−P =
Gφm−1 + Fφ∗m+1√
F 2 +G2
. (4.17)
The physical singly charged Higgs couples to the WZ pair through the following La-
grangian operator
Lphys ⊃ v cos θW√
2
4mF G(g2 + g′2)√
F 2 +G2
W+µ Z
µφ−P + h.c. (4.18)
The scalar couplings that enter into the sum rule (4.13) are thus identified,
gMWa = g
2v
[
n(n+ 1)−m2] ,
gMWd = 2(g
2 + g′2)vm2,
(gMW f)
2 =
(
v cos θW√
2
4mF G(g2 + g′2)√
F 2 +G2
)2
.
(4.19)
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As a consistency check, note that f˜2 vanishes for the standard doublet Higgs representation
n = |m| = 1/2.
Of course, as can be straightforwardly checked, these coefficients satisfy the sum rule in
eq. (4.13) automatically, for any choice of n and m. The perturbative unitarity bound (4.15)
on the masses of extra charged Higgs bosons is remarkably strong, as long as the multiplets
to which they belong significantly contribute to electroweak symmetry breaking.
The limits on the singly and doubly charged Higgs masses that follow from unitarity
are explored for a few interesting cases in the end of this section.
4.2.2 Generalization
For completeness, we extend the analysis of the previous example to the case with many
electroweak multiplets, each of which can belong to an arbitrary representation. The
normalized goldstone mode now reads
χ− =
∑
i
vi
(
Fiφ
(i)
m−1 −Giφ(i)∗m+1
)
√∑
j
v2j
(
F 2j +G
2
j
) = g√2MW
∑
i
vi
√
F 2i +G
2
i χ
(i)−, (4.20)
where χ(i) is the would-be goldstone combination contributed by the ith multiplet and we
have defined, Fi ≡ F (ni,mi) and Gi ≡ G(ni,mi).
Having identified the goldstone mode, one can straightforwardly work out all the phys-
ical singly charged modes and their couplings to gauge bosons. However, the expressions
for physical modes in a generic case is not particularly illuminating.
Instead we consider a specific example with an extended Higgs sector, consisting of
of the usual electroweak doublet with hypercharge 1/2 and an electroweak septet with
hypercharge 2, i.e. (n1, m1) = (1/2, −1/2) and (n2, m2) = (3, −2); we will briefly touch
on the phenomenology of this theory below. The goldstone mode in this case reads
χ− =
g√
2MW
(
−v1G1φ(1)∗1/2 + v2F2φ
(2)
−3 − v2G2φ(2)∗−1
)
, (4.21)
while the two orthogonal singly charged Higgses are
φ−1 =
v2F2√
v21G
2
1 + v
2
2F
2
2
φ
(1)∗
1/2 +
v1G1√
v21G
2
1 + v
2
2F
2
2
φ
(2)
−3,
φ−2 =
g√
2MW
(
v1v2G1G2√
v21G
2
1 + v
2
2F
2
2
φ
(1)∗
1/2 −
v22F2G2√
v21G
2
1 + v
2
2F
2
2
φ
(2)
−3 −
√
v21G
2
1 + v
2
2F
2
2 φ
(2)∗
−1
)
.
(4.22)
In general, the two neutral CP-even Higgses, and the two singly charged Higgses mix
among themselves. The weak eigenstates are related to the physical fields via mixing angles,
which we define as follows:(
φ
(1)
−1/2
φ
(2)
−2
)
=
(
cα sα
−sα cα
)(
h
H
)
,
(
φ−1
φ−2
)
=
(
cγ sγ
−sγ cγ
)(
h−
H−
)
. (4.23)
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Defining tβ = v1/4v2, the couplings of the physical states relevant for the mass bound in
equation (4.15) are given by the following expressions
ah =
M2W
M2Z
dh = cαsβ − 4sαcβ,
ah′ =
M2W
M2Z
dh′ = sαsβ + 4cαcβ,
b =
√
15
2
cosβ ,
fh = −MZ
MW
cβ(5
√
3sβcγ + 3
√
5sγ)√
3 + 5s2β
,
fh′ =
MZ
MW
cβ(3
√
5cγ − 5
√
3sβsγ)√
3 + 5s2β
.
(4.24)
The sum rule (4.14) is satisfied with cos2 θW
∑
r f
2
r = 15c
2
β. The sum rule cos
2 θW
∑
r f
2
r =
4
∑
r b
2
r then gives the correct coupling of the only doubly charged higgs to WW .
4.2.3 Bounds on extra Higgs masses from unitarity
We close the present subsection by an illustration of the unitarity constraints on masses of
various extra Higgs bosons present in the doublet-septet model. The parameters a, b, d, f ,
entering the perturbative unitarity conditions depend on the angles α, β and γ; hence the
bounds on physical masses, such as mh′ and Mh++ , implied by the sum rules largely depend
on the mixing angles (as well as other SM parameters and the mass of the lighter neutral
Higgs, that is assumed to be mh = 126 GeV). One way to visualize the constraints imposed
by unitarity is to fix various values for the two angles and explore the allowed regions for
the extra scalar and charged Higgses present in the theory. We start by exploring the
bounds from WW scattering, eq. (4.5).
At α = 0, β = pi/2, there is no VEV for the septet nor mixing between the neutral
CP-even states. This is like the single Higgs doublet case and hence perturbative unitarity
does not lead to any constraints on the extra Higgs masses (there are really no extra
Higgses, states that couple directly to pairs of vectors bosons). The case α = β = pi/2
again corresponds to having EW symmetry broken solely by the doublet Higgs. The doubly
charged state from the septet therefore does not couple to the vector bosons, so that its
mass is not constrained by unitarity. On the other hand, the mixing between the neutral
states from both multiplets is maximal, so that h is actually purely the neutral component
of the septet. This does lead to a constraint mh′ <∼ 900 GeV but since the 126 GeV Higgs
does not couple to W in this case, the situation is clearly unphysical. The opposite (and
again unphysical) case of α = pi/2, β = 0, where the EW symmetry is broken purely by the
septet VEV, leads to M++ . 300 GeV while leaving mh′ unconstrained. Two intermediate
cases are shown in figure 4. The perturbative unitarity bounds on the extra Higgs masses
for this case, as one can see, are quite stringent.
Conservative bounds on the heavy Higgs masses, implied by perturbative unitarity in
the doublet-septet model are shown in figure 5, assuming the lighter neutral Higgs mass
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Figure 4. Allowed regions for the heavy neutral and doubly charged Higgs boson masses for various
values of mixing angles in the doublet-septet model. The excluded regions are shaded. On the left
figure β is fixed at pi/4 and α is increased from the left to right curves in steps of pi/20. On the
right figure, α is fixed at pi/4 and β increases from left to right in steps of pi/20.
(a) (b)
Figure 5. Conservative perturbative unitarity upper bounds on mh′ (5(a), for M
++ = 0) and
M++ (5(b), for mh′ = 0) as a function of mixing angles in the doublet-septet model. The bounds
are periodic in α and we have centered the figures around the value of α where the bound is strongest.
mh = 126 GeV. In figure 5(a) (5(b)) the positive definite contribution of M
++ (mh′) in
equation (4.5) has been ignored. In both figures the white regions correspond to small
couplings ah′ and b, implying therefore very weak bounds on the Higgs masses.
Similar bounds on the masses of the two singly charged Higgses, M+1 and M
+
2 , implied
by perturbative unitarity in the WZ channel are shown in figure 6. The value for the singly
charged Higgs mixing angle γ is taken to be pi/6 for all cases. The bound is obtained for
two different values of the heavy neutral Higgs mass, mh′ = 136, and 300 GeV respectively.
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Figure 6. Allowed regions for the singly charged Higgs boson masses for various values of mixing
angles in the doublet-septet model. The heavy neutral Higgs masses have been taken to be 136 GeV
(top row) and 300 GeV (bottom row). Shaded regions are excluded. On the left column β is fixed
at pi/4 while α is increased from the left to right curves in steps of pi/20. On the right column α is
fixed at pi/4 and β increases from left to right in steps of pi/20. For all of the above figures γ has
been fixed at pi/6.
In each case, one of the mixing angles α and β is kept constant while the other is varied.
Again, for the case that the septet takes appreciable part in the electroweak symmetry
breaking (β is not close to pi/2), at least one of the charged Higgs bosons is bound to be
relatively light.
4.3 The sum rule for W+L W
−
L → tt¯
A sum rule for W+LW
−
L → tt¯ is useful in constraining the couplings of the neutral scalars to
the top-quark, which contribute to the amplitudes for production of these states in gg-fusion
and for the decay into γγ and γZ. The Feynman diagrams contributing to W+LW
−
L → tt¯ are
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W+
W−
W+ W+
W− W−
t¯
t t t
t¯t¯
d, s, b
W 3 h
(a) (b) (c)
Figure 7. W+W− → tt¯ scattering in the presence of a generic Higgs sector. W 3 in diagram b
denotes the exchange of the Z boson and the photon. Similarly, the h in diagram c stands for a
generic neutral Higgs boson.
shown in figure 7. The growth with one power of s cancels among diagrams 7(a) and 7(b),
resulting in a leading contribution that grows as
√
s.
We denote the coupling of the ith neutral, physical CP-even scalar to t¯t by λi/
√
2, so
that λ = gmt/
√
2MW in the SM as usual. Insisting that the growth with
√
s is cancelled
by the Higgs exchange diagram 7(c), we derive the sum rule
gmt√
2MW
−
∑
i
aiλi = 0, (4.25)
where, as before, we denote by ai = (R
T )ij a˜j and λi = (R
T )ij λ˜j the couplings of the
physical, mass eigenstate Higgs to W+W− and t¯t, respectively, where R is an orthogonal
matrix, transforming weak eigenstates into the physical ones. The above equation has a
simple interpretation. The sum of the couplings of the various scalars to the top quark has
to be such that when the ith scalar is replaced by its expectation value, vi, it gives the top
quark mass term: mt =
∑
λ˜ivi/
√
2. One can see this by writing the above sum rule in the
weak eigenbasis,
gmt√
2MW
−
∑
i
a˜iλ˜i = 0. (4.26)
Using vi = a˜i(2MW /g), one can see that this exactly reproduces the expression for the top
quark mass. The sum rule is more conveniently written as per eq. (1.2) in terms of the
deviation of each Yukawa coupling from the SM value, λi = (gmt/
√
2MW )cti, thus∑
i
aicti = 1. (4.27)
Again, only the neutral Higgs from an SU(2)-doublet may couple to t¯t. For example,
if only the first Higgs is from a doublet, then λi = (R
T )i1λ˜1, and
∑
λ2i = λ˜
2
1, or
∑
c2ti =
1/a21 ≥ 1.
The sum rule (4.25) has immediate phenomenological implications. It is saturated by
any Higgs that has SM-like couplings to both W+W− and t¯t. It follows that either one or
the other of these couplings for additional Higgses must vanish or there must be at least two
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Figure 8. Region in the ah′ -c
′
t parameter space consistent with the unitarity constraint of eq. (4.25)
assuming ah and ct are determined from the 126 GeV Higgs data. The orange and brown regions
are compatible with 126 GeV Higgs data at the 68% and 95% CL, respectively. For reference, the
figure has been superimposed on the fit in figure 1 to the CMS data suggesting a Higgs resonance
at 136 GeV.
additional Higgses with canceling contributions. That is, if a second Higgs-like resonance
is discovered with near SM-like couplings, then a third one must also exist. Moreover, both
of these resonances would have SM-like cross section for gg → h→WW , and one of them
would have enhanced decay rate into γγ (since the t-loop and the W -loop contributions
would interfere constructively).
Similar sum rules apply to the rest of quarks and all charged leptons. If the 126 GeV
Higgs is observed not to decay (or have suppressed decays) to any one quark or charged
lepton it follows immediately from the sum rule that there must be at least another CP-even
neutral Higgs.
5 Model independent analysis
5.1 Neutral higgses
In general, the couplings of any extra neutral Higgs, h′, are related to the couplings of
the 126 GeV state h via unitarity constraints of section 4. In the following, we assume
that there is only one additional neutral CP-even Higgs, and possibly some charged Higgs
bosons. Here we focus on the sum rule involving the couplings to top quarks and vector-
bosons, eq. (4.27), since it doesn’t include the charged Higgs couplings and is therefore the
most robust:
ah′c
′
t = 1− ah ct. (5.1)
By fitting ah and ct to the existing 126 GeV Higgs data, we determine the allowed values
for the quantity ahct at 68% and 95% CL. Using the sum rule (5.1), the allowed region
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Figure 9. Projection of the viable parameter space assuming all the errors are reduced by a factor
of 2 (left plot) and 5 (right plot).
can be mapped onto the ah′-c
′
t plane. The result is shown in figure 8, where regions in the
ah′-c
′
t plane compatible with the 126 GeV Higgs data at the 68% and 95% CL are depicted
in orange and brown, respectively. This is superimposed on figure 1 of the parameter
estimation in light of the CMS 136 GeV higgs-like resonance data. One can see that only
a small portion of ah′-c
′
t parameter space, allowed by current CMS measurements on the
136 GeV resonance is actually consistent with the 126 GeV Higgs data. It is important to
note that the bound from eq. (5.1) is independent of the masses of the Higgs bosons. Thus,
even if the excess at 136 GeV is not confirmed, the orange and brown regions in figure 8
will still be the favored regions for the couplings of a second Higgs boson in any model
with exactly two neutral Higgses.
It is interesting to see how an increase in precision of the Higgs measurements would
affect the allowed ah′ – c
′
t parameter space. For this, we show in figure 9 projections
assuming that all central values of measurements remain intact, while the errors are reduced
by a factor of 2 and 5. One can see that under such assumptions, the increased accuracy
in the measurements would render the CMS data on the 136 GeV resonance incompatible
with the data on the 126 GeV Higgs.
5.2 Doubly charged Higgses
The primary decay modes for a doubly charged Higgs are to a pair of same-sign W bosons
and to a pair of singly charged same sign Higgs bosons.6 In the analysis below we assume
Br(h++ → W+W+) = 100%, since Γ(h++ → h+h+) is model dependent, determined by
6Assuming lepton number conservation, these are the only tree level, two-body decay to SM parti-
cles. Decays to W±W±h or W±W±Z are also possible, but are suppressed by the three-body phase
space, and in some cases a mixing angle, and/or extra powers of g. At one-loop, the two-body decay
h±± → `±`± is possible if neutrinos are majorana in nature, but is suppressed by mν/mh++ relative to
h±± →W±W± → 2`±2ν.
– 20 –
J
H
E
P05(2014)083
parameters in the Higgs potential. Searches for new physics with same-sign dileptons are
sensitive to h++ → W+W+, and can be used to constrain the parameter space of the
doubly charged Higgs.7 As above, the model independent interaction is defined as follows,
Lint = gMW bW−µ Wµ−h++ + h.c.. (5.2)
Single h±± production at the LHC occurs through W boson fusion and in associa-
tion with a W boson, both of which can lead of a signature of same-sign dileptons and
jets. Results of a search for this signature using the full LHC Run 1 dataset are given
in ref. [37], which expands on searches using less data [38, 39].8 Information about event
selection efficiencies is provided in [37–39] such that models of NP may be constrained in an
approximate way using generator-level MC studies, i.e., without performing a full detector
simulation. This prescription is known to reproduce the results of the full CMS analysis
to within 30% [38].
FeynRules [48] was used to implement eq. (5.2) in MadGraph 5 [49] with MSTW2008
LO PDFs [50], which was used to generate events for the analysis. The kinematic re-
quirements placed on charged leptons were pT > 20 GeV (high-pT analysis) and |η| < 2.4,
and on jets were pT > 40 GeV and |η| < 2.4. The so-called SR5 in the high-pT analysis
was the single most constraining signal region. This signal region is defined by having 2-3
jets with 0 b-tags, EmissT > 120 GeV, and HT ∈ [200, 400] GeV. 12 events were observed in
SR5 compared to an expected background of 20 ± 7. Using confidence interval calculator
program of ref. [51], we place an upper limit of 6.1 non-background events at 95% CL
assuming a signal efficiency uncertainty of 13%. The upper limit is very weakly dependent
on this uncertainty such that it is still 6.1 when the signal efficiency uncertainty is taken
to be 20%.
The results of this analysis are shown in figure 10. The blue curve is the upper limit of
6.1 events with the pink band corresponding to the 30% uncertainty in the analysis method.
The parameter space above and to the left of the blue curve is ruled out by the CMS search.
The green line is the perturbative unitarity bound, eq. (4.5), neglecting the 126 GeV Higgs.
The parameter space above and to the right of the green curve is ruled out by perturbative
unitarity. The enhancement of the exclusion near mh++ ≈ 2mW is due to both W ’s in the
decay chain going on-shell. Note that we did not simulate signal-background interference,
which is relevant when the NP cross section approaches the SM cross section. This occurs
in the pink band. We don’t claim this region is ruled out as it represents the uncertainty
in the upper limit of the exclusion. We also did not perform a comprehensive study of
the effect of more than one new Higgs particle as this would have required introducing
several additional parameters. However, we did investigate a few benchmark points in the
double-septet model with the result that the exclusion does not change significantly if the
mass of the second Higgs is at least a few hundred GeV, which is expected as the Higgs
cross section drops steadily with an increase in mass.
7See ref. [31–36] for recent studies of the bounds on and search strategies for doubly- and singly-charged
scalars at the LHC.
8For dedicated searches for doubly-charged Higgs bosons, see [40–47].
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Figure 10. Viable parameter space for a doubly charged Higgs based on a search for NP in events
with same-sign dileptons and jets. The blue curve is the upper limit with its uncertainty given by
the pink band. The green line is the perturbative unitarity bound. The parameter space shown in
gray is ruled out.
Models 126 GeV Fit 126 & 136 GeV Fit
χ2/N N χ2/N N
Model independent 0.29 14 0.32 12
Douplet-septet 0.31 16 0.71 18
Georgi-Machacek 0.31 16 0.60 18
2HDM-II 0.31 16 0.56 18
2HDM-III 0.28 14 0.60 16
Table 1. Minimum χ2 values for various models studied. Here N stands for the number of degrees
of freedom.
6 Specific models
Consider next various explicit realizations of electroweak symmetry breaking. For specific,
perturbative models the sum rules derived by requiring that longitudinally polarized gauge
boson scattering grows no faster than logarithmically with center of mass energy are auto-
matically satisfied. But sum rules limiting the masses of various Higgs bosons are genuinely
new inputs. For each of the models we study we fit both to the 126 GeV Higgs data and
to the 126 GeV and 136 GeV Higgs data combined. Table 1 shows the minimum χ2 values
as well as the number of degrees of freedom, N , in each of the models we study in this
section. The table also shows, for comparison, the results of the model independent fits
of the previous section, in which ah, ct, cb and cτ are treated as independent parameters
in the fit to 126 GeV Higgs data while the set of independent parameters is enlarged to
include ah′ , c
′
t, c
′
b and c
′
τ for the fit to the combined 126 and 136 GeV data. Here cf (c
′
f )
refers to the modification of neutral Higgs boson, h (h′), coupling to f¯f with respect to
SM Higgs boson coupling.
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6.1 The doublet-septet model
The doublet-septet model contains two Higgs fields: the standard (weak) isospin-1/2 and
an isospin-3 (septet) multiplets. We have introduced earlier various aspects of this model
in several different sections, so it is convenient to collect, review and expand on them here.
As noted above, the septet contains a doubly charged Higgs, whose interactions with the
vector bosons can be written as in 4.2.2,
Lint ⊃
√
15
M2W
vEW
cosβ
(
W−µ W
−µh++ +W+µ W
+µ(h++)?
)
, (6.1)
where the mixing angle, β, is defined as tanβ = v1/(4v2). Here v1 (v2) denotes the
VEV of the doublet (septet). Note that M2W cosβ/vEW = g
2v2, or 4v2 = vEW cosβ and
v1 = vEW sinβ. The interactions of the neutral Higgses are given by
Lint ⊃ 2
vEW
(
M2WW
+
µ W
−µ +
1
2
M2ZZµZ
µ
)(
(sβcα − 4cβsα)h+ (sβsα + 4cβcα)h′
)
, (6.2)
where h, h′ are the neutral Higgs states in the mass basis, related to those in the weak
basis, h02 and h
0
7, by (
h02
h07
)
=
(
cα sα
−sα cα
)(
h
h′
)
, (6.3)
with sα, cα standing for the sine and cosine of α, the mixing angle between the weak mass
bases. We identify h with the 126 GeV resonance, recently discovered at the LHC [52, 53].
The couplings of the neutral Higgses to fermions are given by
L ⊃
(
cosα
sinβ
h+
sinα
sinβ
h′
)∑
i
mf,i
vEW
f¯ifi, (6.4)
where mf,i denotes the mass of the i
th fermion. The doubly charged Higgs obviously cannot
couple to fermions at the renormalizable level. The above couplings give the parameters
ai and b displayed in (4.24), while the couplings to fermions are parametrized by
cf = cosα/ sinβ, c
′
f = sinα/ sinβ.
One can infer the bounds on the extra neutral resonance from the available data on
the 126 GeV Higgs in much the same way as for the case of the model-independent fit
outlined above. The fit to the 126 GeV data, combined with the condition of perturbative
unitarity in the WW → tt¯ channel significantly reduces the allowed parameter space for
the 136 GeV Higgs couplings. The 68% and 95% CL regions in the ah′ − c′t plane (defined
in the same way as for the model-independent fit) allowed by the 126 GeV data are shown
in orange and brown in figure 11. The best fit value is marked by a star; the corresponding
(minimum) has χ2DS = 4.96 for 16 degrees of freedom. The figure shows limited overlap
between the model independent fit to the 136 GeV data (in green/yellow) and the model
specific fit to the 126 GeV data (in orange/brown). Alternatively, a global fit to both 126
and 136 GeV data gives a higher minimum, with χ2DS at 12.71 for 18 degrees of freedom.
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Figure 11. Allowed region of ah′ -c
′
t for the doublet-septet model from a fit to the 126 GeV Higgs
data. The best fit value is indicated by a blue star, and the orange and brown regions give the
68% and 95% CL regions, respectively. The underlying green/yellow regions are from the model
independent fit to the 136 GeV data in figure 1.
Another bound on a second Higgs can be obtained from the ATLAS and CMS searches
for SM-like Higgs bosons in the WW and ZZ channels [3–9]. Taken at face value, our com-
bination of these bounds in appendix B rules out Higgs bosons that couple to WW and ZZ
with SM strength at 95% CL for mh′ = 128−1000 GeV. However, there is no reason to ex-
pect neutral Higgs particles should couple to EW gauge bosons with SM strength in multi-
Higgs models. The couplings must satisfy the model-dependent and model-independent
sum rules, eqs. (3.5) and (4.3), respectively, but both of these allow for a range of coupling
strengths. Instead, for a given set of parameters in a model, one must compare the pre-
dicted signal strength against the curve in figure 16 to determine the range(s) for which
mh′ is ruled out. The signal strength of h
′ in the WW + ZZ channel is given by9
µ(h′ →WW + ZZ) = c
′2
f σggF+tt¯h′ + a
2
h′σV BF+V h′
σggF+tt¯h′ + σV BF+V h′
a2h′
c′2f Brff¯ + a
2
h′BrV V + c
′2
f Brgg
, (6.5)
where σ (Br) is the expected SM cross-section (branching ratio) for the Higgs boson with
mass mh′ , with f = τ, c, b, t, V = W,Z. All cross sections and branching ratios in (6.5) are
taken from ref. [54]. Here we implicitly assume h′ has the same decay channels available as
h, but if heavy enough new channels may become available, e.g., it could decay to a pair
of scalars and/or a pseudoscalar and a neutral vector boson (AZ), and these channels may
have significant branching fractions. See ref. [22] for an analysis of these decay modes in
the Type-II two Higgs doublet model.
For given values of ah′ and c
′
f (or α and β), µ(h
′ → WW + ZZ) as a function of
mh′ can be compared against the data in figure 16. The parameter space that is ruled
9Here we ignore the small tree-level branching ratios into light fermions and loop-induced branching
ratios into γγ and Zγ.
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out by searches for additional Higgs bosons is given by the blue regions in figure 12 for 6
different values of mh′ . In addition, we show in red the complement of the 95% CL region
of parameter space from the fit to the 126 GeV Higgs data (the complement to the orange
and brown region in figure 11). Finally, the orange region is ruled out by perturbative
unitarity. It is essentially the bound from figure 5(a) plotted as a function of ah′ and c
′
f
rather than α and β. The bounds in figure 2 have consequences for the interpretation of
the excess at 136 GeV in [1] as a second neutral Higgs boson. In the upper-left panel of
figure 12 we also plotted the allowed region for ah′ and c
′
f from figure 2(b). We see that for
the 136 GeV Higgs in the doublet-septet model there is very limited overlap between the
95% CL-allowed region from the exclusion limits from searches for heavy Higgs bosons in
the WW and ZZ channels and the 95% CL-allowed region from data on the 126 GeV Higgs.
6.2 Other models
In this subsection we compare the result from the model independent fit to explicit models
with extended Higgs sectors. In all the models we consider electroweak symmetry breaking
is perturbative.
6.2.1 Georgi-Machacek model
The Georgi-Machacek(GM) model consists of one electroweak doublet of hypercharge 1/2
and two electroweak triplets with hypercharge 0 and 1. For a recent phenomenological
study of the model see ref. [55] and references therein.10 The electroweak VEV is given by
v2EW = v
2
φ + 8v
2
∆ with tanβ = vφ/2
√
2v∆, where vφ and v∆ are the VEVs of the doublet
and the two triplets respectively. There are three CP even neutral scalar fields in the GM
model, φr, H˜
0
1 and H
0
5 . These fields are related to the physical states byφrH˜01
H05
 =
 cα sα 0−sα cα 0
0 0 1

 hh′
H05
 , (6.6)
where cα = cosα and sα = sinα. The couplings to the vector boson and fermion pairs for
the two Higgses are given as follows
ah =
1
3
(
3cαsβ − 2
√
6sαcβ
)
, cf =
cα
sβ
, ah′ =
1
3
(
3sαsβ + 2
√
6cαcβ
)
, c′f =
sα
sβ
. (6.7)
By performing a fit to the 126 GeV data, we obtain a minimum χ2GM = 4.96 for 16 degrees
of freedom. Within the context of the GM model, the couplings ch′ and c
′
t consistent with
the model-independent fit are shown in figure 13 where again the best fit value is marked
by a star. Alternatively, a global fit to both 126 and 136 GeV data gives a higher minimum
χ2GM at 10.84 for 18 degrees of freedom.
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Figure 12. Parameter space in the doublet-septet model that is ruled out at the 95% CL due to
searches for heavy Higgses (blue), 126 GeV Higgs data (red) and perturbative unitarity (orange)
for various values of mh′ . For the mh′ = 136 GeV case, the figure is superimposed on figure 2 that
shows the 68% and 95% CL model-independent regions compatible with the excess seen by CMS,
displaying little overlap with the allowed (white) region from this analysis.
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Figure 13. Region of the ah′ -c
′
t parameter space consistent with the fit to the GM model. The
orange and brown regions are compatible at 68% and 95% CL, respectively and the best fit value is
indicated by a blue star. The underlying green/yellow regions are from the model independent fit
to the 136 GeV data in figure 1. The darker blotches contained within the green region are overlaps
of brown and green.
Figure 14. Region of the ah′ -c
′
t parameter space consistent with the fit to the Type-II (left)
and Type-III (right) 2HDM. The orange and brown regions are compatible at 68% and 95% CL,
respectively. The best fit value for the Type-III model is indicated by a blue star, while it is at
(ah′ , c
′
t) = (-0.02,-3.14) for the Type-II 2HDM. The underlying green/yellow regions are from the
model independent fit to the 136 GeV data in figure 1.
6.2.2 Two-Higgs-doublet model
There are many variations of the two-Higgs-doublet models, see ref. [56] for a recent review.
Here we will focus on two explicit realizations, the so called type-II (2HDM-II) and type-
10We follow the conventions of ref. [55] with the exception that the mixing angles α and β below are
obtained through the replacement in [55]: α→ −α, and β → pi
2
− β.
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III (2HDM-III). In 2HDM-II a discrete Z2 symmetry is imposed to forbid tree-level flavor
changing neutral currents (FCNC). In this case the neutral scalar couplings to vectors and
fermions are determined by two angles, α and β. The angle α is the mixing angle for
the two CP-even neutral scalars, while tanβ is given by the ratio of the two VEVs. The
coupling modifiers for the two Higgses are given in this case by the following expressions
ah = sin(α+ β), ct = cc =
cα
sβ
, cb = cτ =
sα
cβ
,
ah′ = cos(α+ β), c
′
t = c
′
c =
sα
sβ
, c′b = c
′
τ =
cα
cβ
.
By performing a fit to the 126 GeV data, we obtain a minimum χ22HDM−II = 4.91 for 16
degrees of freedom. Within the context of the 2HDM-II, the couplings ah′ and c
′
t consistent
with the model-independent fit are shown in figure 14. Alternatively, a global fit to both
126 and 136 GeV data gives a higher minimum χ22HDM−II at 10.13 for 18 degrees of freedom.
In 2HDM-III where the discrete Z2 symmetry is not imposed, there in general are
flavor changing neutral currents. However, we will ignore FCNC and proceed to study the
neutral scalar couplings to vectors and fermions in this model. Unlike in the 2HDM-II,
here the couplings to the third generation fermions, relevant for Higgs phenomenology, are
characterized by three additional parameters ct, cb and cτ (the couplings to the vector
bosons are the same as in 2HDM-II). Fitting to the 126 GeV data, we obtain a minimum
χ22HDM−III = 3.93 for 14 degrees of freedom, while fitting to both 126 and 136 GeV data
gives a higher minimum χ22HDM−III at 9.61 for 18 degrees of freedom.
7 Consistency with dispersion relations
Dispersion relations have been used to constrain models with zero [18] and one [19–21] Higgs
particles. It is straightforward to generalize those to the case of multi-Higgs models. For
self-completeness, we give a detailed derivation of the dispersion relations of refs. [19–21]
and their multi-Higgs generalizations in appendix C.
One such dispersion relation, that is of particular interest to us, is written as follows
dA
ds
∣∣∣∣
s=0
=
2w0 + w1 − w2
pi
∫ ∞
0
ds
s
[σ+− − σ++] , (7.1)
where σ+− denotes the total cross section for a longitudinally polarized W+W− scattering,
and likewise for σ++. Alternatively, using the equivalence theorem one may calculate
σ+− and σ++ as the cross section for pi+pi− → anything and pi+pi+ → anything, in a
nonlinear sigma model for electroweak symmetry breaking. Below we refer to this as “pion
scattering,” keeping in mind that we are really describing longitudinally polarized vector
boson scattering. The amplitude A is expanded in terms of amplitudes of definite isospin
(isospin-0, 1, 2 respectively), A = ∑I wIT I , with coefficients wI . The integral in the once
subtracted dispersion relation (7.1) is not generally convergent. Barring a cancellation in
the difference of cross sections, a cross section saturating the Froissart bound would give
a divergent integral. Therefore, in order to be able to use (7.1) e.g. for strongly coupled
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π+
π−
π+
π+
hi φ
++
(a) (b)
Figure 15. Diagrams contributing to (a) σ+− and (b) σ++ in (7.2).
theories, one has to assume that the UV cross-sections exhibit milder high-energy behavior
than allowed by the Froissart bound.
On the other hand, for perturbative models with definite UV field content like the ones
considered above, the cross sections do give convergent integrals. However, in those cases
both sides of the dispersion relation can be calculated perturbatively to check that it is
identically satisfied, once unitarity constraints are imposed.
One can readily study the implications of the dispersion relation (7.1) and their consis-
tency with the relations obtained from perturbative unitarity above. Let us for definiteness
concentrate on pi+pi− scattering. Using eqs. (C.21) and (C.8) of appendix C, the decompo-
sition of the corresponding amplitude into the isospin eigenbasis can be written as follows,
Api+pi− =
∑
I w
IT I , with w0,1,2 = (1/3, 1/2, 1/6), so that 2w0 + w1 − w2 = 1. The once
subtracted dispersion relation for charged pion scattering thus implies
dApi+pi−
ds
∣∣∣∣
s=0
=
1
pi
∫ ∞
0
ds
s
[σ+− − σ++] . (7.2)
Assuming, as required by unitarity at order ~0, that all contributions to the amplitude that
grow with s cancel, one readily obtains the following tree-level11 expression for the finite
piece of the forward scattering amplitude
Api+pi− =
s
v2
(∑
i
a2im
2
hi
m2hi − s
−
∑
r
4b2rM
++2
r
M++2r + s
)
. (7.3)
Here the sums are performed over various neutral and doubly charged Higgs bosons.
Straightforward differentiation then yields
dApi+pi−
ds
∣∣∣∣
s=0
=
∑
i a
2
i − 4
∑
r b
2
r
v2
. (7.4)
Furthermore, at order 1/v2, there is a single diagram contributing to each of the terms
on the right hand side of (7.3); the tree-level annihilation pi+pi− → hi contributes to σ+−,
while σ++ receives its only contribution from pi
+pi+ → φ++r . These cross sections are given
as follows
σ+− =
∑
i
pia2i s
2v2m2hi
δ
(√
s−mhi
)
, σ++ =
∑
r
4pib2rs
2v2M++2r
δ
(√
s−M++) , (7.5)
11By “tree-level” we refer to amplitudes that are of order 1/v2 in the derivative expansion.
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where the delta functions remain after integration over the single particle phase space.
Using these expressions, it is straightforward to show that
1
pi
∫ ∞
0
ds
s
[σ+− − σ++] =
∑
i a
2
i − 4
∑
r b
2
r
v2
=
dApi+pi−
ds
∣∣∣∣
s=0
. (7.6)
As advertised, the dispersion relation is identically satisfied for theories that respect uni-
tarity at order ~0. The only input that we used from unitarity in the above analysis is
that the amplitudes do not grow at large center of mass energy, so that the integral of the
cross sections in the once subtracted dispersion relation is convergent and well-defined. In
fact, at the (tree) level we are interested in here, the singularity structure on the complex s
plane is drastically simplified. Indeed, in the limit ~→ 0 there are no cuts on the real axis,
only singularities corresponding to on-shell poles from heavy particle exchange contribute.
The imaginary part of amplitudes corresponding to exchange of a particle of mass M is
proportional to
Im
1
p2 −M2 + i = −piδ(p
2 −M2) , (7.7)
and only has support on the heavy particle pole. This is also evident from (7.5), given
that the cross section is related to the imaginary part of the forward scattering amplitude
through the optical theorem. The discontinuity of the amplitude across these poles gives the
only contribution to the right hand side of (7.2) at tree level. It is straightforward to extend
this analysis beyond tree level, but the main result, that the dispersion relation is identically
satisfied for unitary theories that are weakly coupled over the full range of energy scales,
is unchanged. Moreover, the dispersion relations do not imply the perturbative unitarity
bounds on Higgs masses obtained in section 4.
8 Discussions and conclusions
Charged scalars play a crucial role in unitarizing the vector-vector scattering amplitudes in
a model with a weakly coupled Higgs sector. In the case of W+LW
−
L →W+LW−L scattering,
the full amplitude does not grow with s due to a cancellation between s- and t- channel con-
tributions from neutral Higgses and u- channel contributions from doubly-charged Higgses.
Similarly, the combined contribution of neutral and singly-charged Higgs bosons ensure
that the amplitude for ZLZL →W+LW−L does not grow with s. Not surprisingly, this can-
cellation holds for an arbitrary number of Higgs multiplets with arbitrary representations
under SU(2)L ×U(1)Y .
Unitarity also places constraints on the spectrum of the Higgses and their couplings
to fermions. The constraint on the spectrum depends strongly on the number and the
representation of the multiplets involved in electroweak symmetry breaking. We studied
this constraint in the doublet-septet model in section 4.2.3. The constraint on the couplings
of neutral Higgses to fermions arises from unitarity requirement in W+LW
−
L → ff¯ channel.
Unlike the bound on the spectrum, where detailed knowledge of Higgs multiplets is needed,
the constraint on the couplings to fermions only depend on the knowledge of the number
of neutral Higgses present in the model and not on the masses of the Higgs bosons.
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Now we turn to discuss the interpretation of the 136 GeV excess observed in CMS
diphoton signal as a second neutral Higgs. Since this excess has been only observed in the
diphoton channel, we focus on studying the coupling of the putative second neutral Higgs to
vector boson and top-quark (characterized by ah′ and c
′
t respectively). We can be predictive
on the couplings ah′ and c
′
t if we assume that there are only two CP-even neutral Higgses
in the spectrum. In this case unitarity in W+LW
−
L → tt¯ channel requires ah′c′t = 1 − ahct.
By deducing the coupling ah and ct from the 126 GeV Higgs data, we obtained the model-
independent prediction of the coupling ah′ and c
′
t shown in figure 8. We found there that
the interpretation of the 136 GeV excess is in some tension with the 126 GeV Higgs data.
Our projection of the situation assuming improved experimental precision in both the 126
and 136 GeV data show that if the 136 GeV excess persists, it cannot be explained by a
second neutral Higgs in a model with only two neutral CP-even Higgses.
We can in fact improve on the prediction of the couplings of the second Higgs in figure 8
by further specifying the origin of the second Higgs particle. Figures 11, 13 and 14 show
the resulting fit in sample specific models, showing in all cases a reduction in the allowed
region of parameter space. However, the allowed regions are qualitatively different for the
various models we investigated, with obvious implications for the production mechanism in
collider experiments. The most striking of these is for the 2HDM Type-II model, figure 14
(left pannel) , for which vector boson fusion is largely inoperative while the rate for gluon
fusion could differ vastly from that of a SM Higgs.
A Physical Higgses couplings
In this appendix we collect the couplings of the physical Higges. We denote the physical
CP-even neutral Higgses by hi, the singly charged Higgses by φ
+
j and the doubly charged
by φ++r . The couplings can be parametrized by
Lphys ⊃ gMWW+µW−µ
∑
i
aihi +
gMW
2
ZµZν
∑
i
dihi − mf
vEW
∑
i
cif¯fhi
+ gMW
(
ZµW+µ
∑
j
fj φ
+
j + h.c.
)
+ gMW
(
W+µW+µ
∑
r
br φ
++
r + h.c.
)
.
(A.1)
The value of the couplings a, b, . . . , f depends on the detail of the Higgs sector — the
number of electroweak multiplets and the size of each multiplet.
Here we recall the couplings of the Higgses in a generic representation of the electroweak
gauge group from section 4. This result can be easily extended to a case with an arbitrary
number of electroweak multiplets. For definiteness, we take the Higgs field, Φ, to transform
in a (2n + 1)-dimensional representation of SU(2)L with hypercharge −m, −n ≤ m ≤ n.
To preserve electric charge the VEV of the multiplet must be in the T 3 = m component,
〈φm〉 = v/
√
2. Thus φm±2 corresponds to the doubly charged component and φm±1 is the
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singly charged component. Their interactions are
L ⊃ g
2v√
2
ηµν
[
A
(
W+µ W
+
ν φm−2 +W
−
µ W
−
ν φ
∗
m−2
)
+B
(
W+µ W
+
ν φ
∗
m+2 +W
−
µ W
−
ν φm+2
)]
+
1
2
ηµν
[
g2W+µ W
−
ν
(
n(n+ 1)−m2)+ (g2 + g′2)ZµZνm2] (v + φm)2
+
v cos θW√
2
[
ZµW+µ
(
Dφm−1 + Eφ∗m+1
)
+ h.c.
]
,
(A.2)
where g (g′) is the SU(2) (U(1)) couplings and
A =
1
2
√
[n(n+ 1)− (m− 2)(m− 1)] [n(n+ 1)−m(m− 1)],
B =
1
2
√
[n(n+ 1)−m(m+ 1)] [n(n+ 1)− (m+ 1)(m+ 2)],
D = F
[
2(g2 + g′2)m− g2],
E = G
[
2(g2 + g′2)m+ g2
]
,
F =
√
1
2
(
n(n+ 1)−m(m− 1)),
G =
√
1
2
(
n(n+ 1)−m(m+ 1)).
(A.3)
We can relate the above parameters to the couplings of the physical Higgses, as in eq. (A.1).
The couplings of the physical Higgses are given by
gMWa = g
2v
[
n(n+ 1)−m2] ,
gMW b1(2) =
g2v√
2
A (B),
gMWd = 2(g
2 + g′2)vm2,
(gMW f)
2 =
(
v cos θW√
2
4mF G(g2 + g′2)√
F 2 +G2
)2
.
(A.4)
Note that one linear combination of φm+1 and φm−1 is eaten by the W .
B Higgs data
In this appendix we list the Higgs data used in our analysis in table 2. For each decay
mode, we extract the signal strengths in the gluon-fusion plus tt¯h,12 (µF ) and vector-
boson-fusion plus V h (µV ) production channel from the reported 2-dimensional ellipses
by both the ATLAS and CMS collaborations. This allows us to capture the correlation,
ρ = cov[µV , µF ]/(∆µV ∆µF ), between the two production channels. However, for the bb¯
decay mode in which the correlation is absent, we also include signal strength measured
by CDF and DØ.
12In our analysis, we ignore the tt¯h which is negligible compared to gluon-fusion production.
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Channel (µV , µF ) (∆µV , ∆µF ) ρ Reference
ATLAS γγ (1.75, 1.62) (1.25, 0.63) -0.17 [57]
CMS γγ (1.48, 0.52) (1.33, 0.60) -0.48 [58]
ATLAS ZZ (1.2, 1.8) (3.9, 1.0) -0.3 [3]
CMS ZZ (1.7, 0.8) (3.3, 0.6) -0.7 [59]
ATLAS WW (1.57, 0.79) (1.19, 0.55) -0.18 [60]
CMS WW (0.71, 0.72) (0.96, 0.32) -0.23 [62]
ATLAS τ τ¯ (1.50, 1.04) (1.05, 1.83) -0.50 [68]
CMS τ τ¯ (1.55, 0.66) (1.26, 1.21) -0.45 [62]
Combined V h, h→ bb¯ (0.9, -) (0.3, -) - [63–65]
Combined tt¯h, h→ bb¯ (-, -0.1) (-,1.8) - [66, 67]
Table 2. The signal strengths with their uncertainties and correlations for the 126 GeV resonance
used in the fit.
Collaboration Channel
√
s [TeV] L [fb−1] Range mh′ probed [GeV]
ATLAS [3] h′ → ZZ → 4` 8 20.7 110− 1000
ATLAS [4] h′ →WW → 2(`ν) 8 20.7 260− 1000
CMS [5] h′ → ZZ → 2`2q 7 + 8 5.3 + 19.6 230− 600
CMS [6] h′ → ZZ → 4` 7 + 8 5.1 + 19.6 100− 1000
CMS [7] h′ →WW → 2(`ν) 7 + 8 4.9 + 19.5 100− 600
CMS [8] h′ →WW → `νqq′ 8 19.3 600− 1000
CMS [9] h′ → ZZ → 2`2ν 7 + 8 5.0 + 19.6 200− 1000
Table 3. Searches for heavy Higgs boson production in the WW and ZZ channels used in
our analysis.
200 400 600 800 1000
0.1
0.2
0.5
1.0
2.0
5.0
10.0
mh' @GeVD
Μ
Figure 16. (Colors) 95% CL upper limits on Higgs boson signal strength in the WW and ZZ
channels from the ATLAS and CMS collaborations. The color of the curve corresponds to the
search in table 3 with the same color. (Black) Our combination of those limits.
– 33 –
J
H
E
P05(2014)083
In addition, we list in table 3 the searches for heavy Higgs boson production in the WW
and ZZ channels used in our analysis. In the absence of any additional resonances, these
searches set a 95% CL upper limit on the signal strength of a Higgs boson in the WW+ZZ
channels. The experimentally determined signal strengths, µi, for a given Higgs mass, mh′ ,
were added in inverse quadrature, 1/µ2(mh′) =
∑
i 1/µ
2
i (mh′), to get the combined signal
strength, µ. The result of our combination is shown in figure 16. We stopped the analysis
at 128 GeV as that is where the expected sensitivity to additional Higgs bosons starts to
degrade due to the presence of the 126 GeV Higgs [1]. Taking this combination at face
value, a Higgs boson that is produced and subsequently decays to WW and ZZ with SM
strength is ruled out in the interval mh′ = 128−1000 GeV. Of course, if there is more than
one Higgs, then none of them need couple to EW gauge bosons with SM strength. Instead,
for a given set of parameters in a model, one must compare the predicted signal strength
against the curve in figure 16 to determine the range(s) for which mh′ is ruled out.
C Dispersion relations
Here we derive the dispersion relations used in section 7. The presentation we give is close
to that of [18].13 The massless limit of the massive case is reproduced by the method
of [19].
Consider a forward scattering amplitude Afwd(s) for two scalar particles of a small
mass m, to be eventually set to 0. The amplitude is only a function of the Mandelstam
variable s since for forward scattering t = 0. As a function of complex-s, Afwd has two
branch cuts, extending along the real axis from −∞ to 0 and from 4m2 to ∞. Cauchy’s
theorem applied to this function, using the contour of figure 17 gives
Afwd(s0) = 1
pi
[∫ 0
−∞
ds
ImAfwd(s)
s− s0 +
∫ ∞
4m2
ds
ImAfwd(s)
s− s0
]
(C.1)
=
1
pi
∫ ∞
4m2
ds
[
ImAfwd(s)
s− s0 +
ImAfwd(4m2 − s)
4m2 − s− s0
]
, (C.2)
where 2iImAfwd(s) = Afwd(s+ i0+)−Afwd(s− i0+). We have neglected the contribution
from the circle at infinity, which is justified provided |Afwd(s)| → 0 as |s| → ∞ faster than
1/|s|. If only |Afwd(s)/s| → 0 as |s| → ∞ faster than 1/|s| we can use a once subtracted
dispersion relation instead, obtained from the first derivative of the above:
dAfwd(s0)
ds0
=
1
pi
∫ ∞
4m2
ds
[
ImAfwd(s)
(s− s0)2 +
ImAfwd(4m2 − s)
(4m2 − s− s0)2
]
. (C.3)
The Froissart bound guarantees that at least |Afwd(s)/s2| → 0 as |s| → ∞ faster than
1/|s| so a doubly subtracted dispersion relation (obtained from one further derivative) is
always possible:
d2Afwd(s0)
ds20
=
2
pi
∫ ∞
4m2
ds
[
ImAfwd(s)
(s− s0)3 +
ImAfwd(4m2 − s)
(4m2 − s− s0)3
]
. (C.4)
13The presentation in the v1 of the arXiv version of ref. [18] contains more detail than the published
work.
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s0
s
4m2
Figure 17. Contour in the complex-s plane for the integral that leads to the dispersion relation in
equation (C.2). The cut on the real s-axis runs from negative infinity to the origin and again from
4m2 to positive infinity.
The second term in (C.2) can be related to the first using crossing relations. Suppose
the amplitude for ab → cd is Aab→cd(s, t, u). Then one may exchange the roles of a and c
by replacing their in/out momenta, pa → −pa and pc → −pc, to obtain Acb→ad(s, t, u) =
Aab→cd(u, t, s). Similarly, Adb→ca(s, t, u) = Aab→cd(t, s, u). For an application to forward
scattering, we set c = a and b = d and t = 0. Then Afwd(s) = Aab→ab(s, 0, 4m2 − s), and
crossing gives Aab→ab(s, 0, 4m2 − s) = Aab→ab(4m2 − s, 0, s) or simply Afwd(4m2 − s) =
Afwd(s). Note however that for the discontinuity across the cut we have ImAfwd(4m2−s) =
−ImAfwd(s). Using this in (C.2) one obtains
Afwd(s0) = 1
pi
∫ ∞
4m2
ds
[
ImAfwd(s)
s− s0 −
ImAfwd(s)
4m2 − s− s0
]
. (C.5)
The optical theorem may be used to relate the discontinuity across the cut of the
forward scattering amplitude to the total cross section, σ(s):
Afwd(s0) = 1
pi
∫ ∞
4m2
ds λ1/2(s,m2,m2)σ(s)
[
1
s− s0 −
1
4m2 − s− s0
]
, (C.6)
where λ(s,m2,m2) = s(s− 4m2).
We are particularly interested in the case where the particles a, b, c and d in the collision
are identical and they carry internal quantum numbers that correspond to elements of an
irreducible representation of a symmetry group. In fact, since we will focus on scattering
of weak interaction vector bosons, the symmetry group is weak isospin (SU(2)) and the
representation is a triplet. For identical particles we can write Aab→cd = Asδabδcd +
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Atδacδbd + Auδadδbc where As = A(s, t, u) for some function A, and At = A(t, s, u) and
Au = A(u, t, s). Note that A(s, t, u) is an amplitude per se, the one corresponding to
the case, say, a = b 6= c = d (e.g., the pion scattering pi+pi− → pi0pi0). Hence there is a
dispersion relation for Afwd(s) = A(s, 0, 4m2 − s), as above. Crossing symmetry imposes
some conditions on the function A. From Acb→ad(s, t, u) = Aab→cd(u, t, s) it follows that
As(s, t, u) = Au(u, t, s) and At(s, t, u) = At(u, t, s). The first is automatically satisfied,
while the second gives A(t, s, u) = A(t, u, s) (The other crossing relation Adb→ca(s, t, u) =
Aab→cd(t, s, u) does not lead to any further constraints). The initial state in the collision
amplitude can be prepared to have definite isospin, and if isospin is conserved the final
state will automatically have the same isospin. Linear combinations of As, At and Au give
the scattering amplitude for definite isospin. In the case of interest, where the colliding
particles form an I = 1 multiplet, the amplitudes T I(s, t, u) for scattering in the isospin I
state are given by
T 0 = 3As +At +Au, T 1 = At −Au and T 2 = At +Au, (C.7)
and their inverse
As = 1
3
(T 0 − T 2), At = 1
2
(T 1 + T 2) and Au = 1
2
(−T 1 + T 2). (C.8)
We are now ready to display dispersion relations for the forward scattering isospin
amplitudes T Ifwd(s) ≡ T I(s, 0, 4m2 − s). The n-times subtracted version of (C.2) gives
dnT Ifwd
dsn0
=
n!
pi
∫ ∞
4m2
ds
[
ImT Ifwd(s)
(s− s0)n+1 −
ImT Ifwd(4m
2 − s)
(4m2 − s− s0)n+1
]
. (C.9)
To express this in terms of total cross sections, through the use of the optical theo-
rem, we use the above crossing relations, As(4m2 − s, 0, s) = Au(s, 0, 4m2 − s) and
At(4m2 − s, 0, s) = At(s, 0, 4m2 − s). We thus have
T 0fwd(4m
2 − s) = (3Au +At +As)(s, 0, 4m2 − s), (C.10)
T 1fwd(4m
2 − s) = (At −As)(s, 0, 4m2 − s), (C.11)
T 2fwd(4m
2 − s) = (At +As)(s, 0, 4m2 − s), (C.12)
or using (C.8),
T 0fwd(4m
2 − s) = 1
3
(T 0fwd − 3T 1fwd + 5T 2fwd)(s), (C.13)
T 1fwd(4m
2 − s) = 1
6
(−2T 0fwd + 3T 1fwd + 5T 2fwd)(s), (C.14)
T 2fwd(4m
2 − s) = 1
6
(2T 0fwd + 3T
1
fwd + T
2
fwd)(s), (C.15)
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we finally obtain, from (C.9),
dnT 0fwd
dsn0
=
n!
pi
∫ ∞
4m2
ds λ1/2
[
σ0
(s− s0)n+1 −
1
3(σ
0 − 3σ1 + 5σ2)
(4m2 − s− s0)n+1
]
, (C.16)
dnT 1fwd
dsn0
=
n!
pi
∫ ∞
4m2
ds λ1/2
[
σ1
(s− s0)n+1 −
1
6(−2σ0 + 3σ1 + 5σ2)
(4m2 − s− s0)n+1
]
, (C.17)
dnT 2fwd
dsn0
=
n!
pi
∫ ∞
4m2
ds λ1/2
[
σ2
(s− s0)n+1 −
1
6(2σ
0 + 3σ1 + σ2)
(4m2 − s− s0)n+1
]
, (C.18)
where λ = λ(s,m2,m2) = s(s − 4m2) and σI is the total cross section for the isospin-I
channel and is understood to be a function of s. At n = 1, taking the limit s0 → 0 and
m→ 0 these equations reproduce the relation given in ref. [20],
dT Ifwd
ds0
=
cI
6pi
∫ ∞
0
ds
s
[
2σ0 + 3σ1 − 5σ2] , (C.19)
where cI = 2, 1,−1 for I = 0, 1, 2, respectively. Expanding a general amplitude in the
isospin basis, A = ∑I wIT I , one obtains
dA
ds
∣∣∣∣
s=0
=
2w0 + w1 − w2
6pi
∫ ∞
0
ds
s
[
2σ0 + 3σ1 − 5σ2] . (C.20)
Alternatively, one can express the right hand side of the last equation in terms of the
cross sections corresponding to charge eigenstates. Noticing that corresponding forward
scattering amplitudes are given as
A00 = As +At +Au, A+0 = At, A++ = At +Au, A+− = As +Au , (C.21)
and using (C.7), we obtain
dA
ds
∣∣∣∣
s=0
=
2w0 + w1 − w2
pi
∫ ∞
0
ds
s
[σ00 + σ+0 − 2σ++]
=
2w0 + w1 − w2
pi
∫ ∞
0
ds
s
[2σ+− − σ00 − σ+0]
=
2w0 + w1 − w2
pi
∫ ∞
0
ds
s
[σ+− − σ++] .
The last equality reduces to (1.3) in the case of a single light Higgs with a non-standard
coupling to the charged vector bosons ah.
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